The acid-induced denaturation of wild-type Staphylococcal nuclease (WT) and its eight mutant forms, L25A, V66L, G79S, A90S, G88V, H124L, V66L/G88V, and V66L/G79S/G88V, was investigated using Trp140 fluorescence as a probe at 30 C. The values of pH 1=2 , at which the denaturation is half completed, and n, the apparent number of protons which trigger the denaturation and are taken up by the proteins upon denaturation at pH 1=2 , were evaluated from the pH dependence of the fluorescence intensity. The values of pH 1=2 and n for WT were 3.8 and 1.8 respectively. The amino acid replacements changed the pH 1=2 values to a range between 3.0 (H124L) and 4.4 (G79S) and also changed the n values to a range between 1.0 (A90S) and 3.0 (G88V). There was a negative correlation between the values of pH 1=2 and n. It was suggested that the amino acid replacements may change the energy levels of the native state and/or the denatured state mainly in the neutral (stable) pH region, not in the acidic (unstable) region, resulting in the correlative changes in pH 1=2 and n.
Staphylococcal nuclease [EC 3.1.31.1] is a small protein consisting of 149 amino acid residues with a molecular weight of 16,800. It is one of the most commonly used models for the study of protein structure and stability. [1] [2] [3] [4] [5] [6] The protein has one tryptophan residue, Trp140, near the C-terminal. The fluorescence intensity of Trp140 is a good measure of the overall protein structure, 3) and has been used to investigate the effects of amino acid replacements on folding-unfolding equilibrium and kinetics.
Numerous mutant proteins of the enzyme with an amino acid replacement(s) have been prepared by Shortle and his coworkers, and the stability of these mutant proteins was examined mainly for guanidine hydrochloride (GuHCl)-induced denaturation using Trp140 fluorescence as a probe (reference 4 and the references cited therein). These mutant proteins were classified into three groups, m þ , m 0 , and m À by measure of m value, which is defined by Shortle as the relative value of dðÁG 0 Þ=d½GuHCl to that of the wild-type protein (28.7 kJ mol À1 M À1 ). The m þ mutant is defined as the mutant which has a larger m value than the wildtype protein; the m 0 mutant is that which has the same m value as the wild-type protein; and the m À mutant is that which has a smaller m value than the wild-type protein.
The m value is generally interpreted to reflect the solvent-accessible hydrophobic surface area that is exposed upon unfolding, 7) and the m þ , m 0 , and m À mutants are considered to have a larger, the same, and a smaller surface area exposed in the denatured state compared with the wild-type. These proteins denature in a two-state manner, N D, where N is the native state and D the denatured state, 1,2,8-10) but Carra et al. pointed out that some of the proteins, especially the m À mutants, unfold by a three-state mechanism under some conditions. 11, 12) The thermally-induced denaturation of the wild-type and several mutant forms was also investigated by differential scanning calorimetry (DSC) in detail, and thermodynamic parameters were evaluated for their denaturation. 8) In this study, we observed acid-induced denaturation of the wild-type of Staphylococcal nuclease and its eight mutant forms using enzyme fluorescence as a probe, and compared several parameters with those for thermallyand GuHCl-induced denaturation.
Materials and Methods
The wild-type (WT) of Staphylococcal nuclease and its eight mutant forms were prepared according to the method reported previously. 8, 13) The mutant proteins used were L25A (Leu25 was replaced by Ala), V66L, G79S, G88V, A90S, and H124L. H124L is identical to the nuclease A produced by the V8 strain of Staphylococcus aureus. Two multiple mutants, V66L/G88V and V66L/G79S/G88V, were also included in the study. Various unfolding data for these mutants, including both To whom correspondence should be addressed. Fax: +81-59-231-9540; E-mail: akiyoshi@bio.mie-u.ac.jp Abbreviations: DSC, differential scanning calorimetry (calorimeter); GuHCl, guanidine hydrochloride; WT, wild type the m þ and m À mutants, are available. 1, 2) For each case, the protein concentration was determined spectrophotometrically using the molar absorption coefficient " ¼ 15; 600 M À1 cm À1 at 280 nm. 14) Fluorescence spectra were measured at various pHs ranging from 7.0 to 1.5 at 30 C with a Hitachi 650-60 fluorescence spectrophotometer using a temperaturecontrolled quartz cell. The protein concentration was 1.3 M. It was confirmed that acid-induced denaturation was fully reversible for each protein, judging from recovery in the fluorescence intensity.
The buffers used were phosphate (pH 5-7), acetate (pH 3.5-5.5), and glycine (pH 1.5-3.5), at a concentration of 50 mM, and no salt was added.
Results and Discussion
pH Dependence of the Fluorescence Intensity and Evaluation of ÁG 0 of Denaturation The fluorescence spectra of WT were observed at pH levels ranging from 7.0 to 1.5. At pH 7.0, the spectrum has a peak at around 335 nm ( Fig. 1 ) irrespective of the excitation wavelength ex (280 or 295 nm), which suggests that the Trp140 is mostly buried in the protein molecule in the native state.
15) The fluorescence intensity decreased with decreasing pH. At pH 1.5-2.5, the fluorescence intensity was approximately 15% of that observed at pH 7.0. The fluorescence spectrum at pH 1.5-2.5 has a peak at around 355 nm, almost the same as that of free tryptophan, indicating that the tryptophan residue is fully exposed to the solvent. Figure 2a shows the pH-dependence of the relative fluorescence intensity f obtained for WT. It is seen from the figure that acid-induced denaturation starts at around pH 5 and is completed at around pH 2.5.
Assuming a simple two-state equilibrium for the denaturation:
the equilibrium constant K can be calculated at each pH by using the equation where F N and F D are the fluorescence intensity at the native and denatured states respectively (see Fig. 2a ), at a given pH. 16) The standard Gibbs energy change ÁG 0 of the denaturation is given by
where G 0 D and G 0 N are the standard Gibbs energies of the D state and the N state. R and T are the gas constant and the absolute temperature respectively. The pH dependence of ÁG 0 obtained for WT is also shown in Fig. 2a (inset) .
The apparent number n of protons which trigger the denaturation and are taken up by the protein upon denaturation can be estimated from the following equation; 17) 
The slope of the pH vs. ÁG 0 plot then equals 2:303nRT. From the plot, two parameters can be evaluated: the midpoint pH of the denaturation, pH 1=2 , at which the denaturation is half completed (K ¼ 1 and hence ÁG 0 ¼ 0), and the value of n at pH 1=2 . In the case of WT, pH 1=2 and n were evaluated to be 3:76 AE 0:02 and 1:8 AE 0:1 respectively, where n is assumed to be constant in the vicinity of pH 1=2 (see Fig. 2a ). Figures 2b and c show the pH-dependencies of the fluorescence intensity of mutants V66L and A90S respectively. The fluorescence intensity in the acidic region (pH 1.5-2.5) relative to that observed at neutral pH was not altered by the mutations, and was approximately 15% at emission wavelength em ¼ 335 nm. In the case of V66L, the sigmoidal transition curve shifted to the acidic side compared with that of WT. V66L is stable above pH 4, indicating that this mutant protein is more stable than WT, which is stable above pH 5. It is to be noted that this stabilization did not result from a parallel shift in the sigmoidal f vs. pH curve to the acidic side, but resulted mainly from a shift in the lowest stable pH. Judging from Figs. 2a and b, the lowest stable pH shifted to the acidic side by about 1 pH unit compared with WT, but the highest unstable pH value (2.5) was the same. The transition region of V66L was, therefore, narrower than that of WT, which implies that the n value is larger than that of WT. The values of pH 1=2 and n of V66L were 3:36 AE 0:02 and 2:6 AE 0:4 respectively. (Fig. 2b, inset ) of V66L. * On the other hand, A90S showed trends contrary to V66L. A90S showed a broader transition range of denaturation than WT. The lowest stable pH value shifted to the neutral side by about 1 pH unit compared with WT, but the highest unstable pH did not, as shown in Figs. 2a and c . The values of pH 1=2 and n were evaluated to be 4:19 AE 0:03 and 1:0 AE 0:1 respectively (Fig. 2c, inset) . The mutant was destabilized by amino acid replacement, and ÁpH 1=2 and ÁÁG 0 were 0.43 and À2:5 kJ mol À1 respectively. The parameters thus obtained from the pH dependencies of the fluorescence intensity for the proteins examined are summarized in Table 1 . Figure 3 summarizes the dependencies of ÁG 0 on pH for the WT and mutant proteins. In the figure, the straight portion of the ÁG 0 -pH plot in the transition pH range is shown for each protein. The lines in the figure tend to converge in the acidic region and to diverge in the neutral region. A possible interpretation of this result is that the amino acid replacements change the energy levels of the N state and/or the D state mainly in the neutral (stable) pH region, but not significantly in the acidic (unstable) region. In the case of V66L, for example, the N state was stabilized (G (Fig. 3) . See footnote on this page.
Denaturation Parameters for the Mutants
* Since this extrapolation outside the transition region, at pH 3.76 in this case, would not be valid, this ÁÁG 0 value is simply a rough measure, probably an overestimate, of the stability of V66L at the pH. The same can be said of H124L. the neutral region, resulting in an increase in the ÁG 0 value on the neutral side, which caused increase in the n value (the steeper slope of the ÁG 0 -pH plot), and a shift of pH 1=2 to the acidic side (see Fig. 4 ) compared with WT. The reverse may be the case for A90S and L25A. That is, the N state is destabilized and/or the D state stabilized mainly in the neutral region, resulting in a decrease in n and in a shift of pH 1=2 to the neutral side. These trends can be summarized as a negative correlative tendency between the n value and the pH 1=2 value, as shown in Fig. 5a . Figure 5 shows a possible correlation between the denaturation parameters, including those obtained for GuHCl-and thermal-denaturation. 1, 2, 8, 11, 12) In the figure, C m is the GuHCl concentration at which the GuHClinduced denaturation is half completed, m is the value of dðÁG 0 Þ=d½GuHCl relative to that of WT, t 1=2 is the denaturation temperature at which thermal denaturation is half completed, and ÁÁG 0 ðDSCÞ ¼ ÁG 0 mutant À ÁG 0 WT at 47 C (t 1=2 of WT). pH 1=2 is in very good correlation with C m (Fig. 5b) and with t 1=2 (Fig. 5c ), although these denaturations are not necessarily directly comparable.
18) The ÁÁG 0 values of the acid-and thermally-induced denaturation are also in good correlation (Fig. 5d ). There appears to be no correlation between pH 1=2 and the m value (Fig. 5e) , a fact which will be discussed later.
Trp140 Fluorescence as a Denaturation Probe and a Three-State Denaturation Model
Staphylococcal nuclease is considered to consist of two subdomains; one is the -helix region (residues 32-70 and 99-141, subdomain A) and the other is Thebarrel region (residues 1-31 and 71-98, subdomain B), which unfold in a cooperative manner. 19) The cooperativity is maintained by electrostatic bonds across the active site cleft. Although Trp140 fluorescence is a good probe of the overall structure of the protein, the fluorescence, strictly speaking, is considered to be sensitive to the unfolding of subdomain A but not to that of subdomain B. 11, 12, 20) The unfolding of subdomain B can be monitored, for example, by the amino acid replacement V66W, in which the second tryptophan residue is located in subdomain B.
15) According to Carra et al., 11, 12) when the interaction between these domains is weakened, or subdomain A is destabilized, or subdomain B is stabilized by an amino acid replacement(s), the unfolding of the protein follows a three-state process including an intermediate, N I D, where I is the intermediate in which only subdomain A is unfolded. This is the case for m À mutants such as V66L, G79S, G88V, and V66L/G79S/G88V. Under conditions of lower pH and higher NaCl concentration, DSC traces of these m À mutants can be separated into peaks 1 and 2. Peak 1 has the lower unfolding temperature, corresponding to the unfolding of subdomain A. Figure 5f shows the pH 1=2 -dependencies of the peak temperatures, t p1 and t p2 , of the two peaks obtained for the m À mutants. Although the data may not be sufficient for statistical analysis, it is evident that pH 1=2 has a good correlation with t p1 but not with t p2 , which is reasonable if we consider that peak 1 corresponds to the denaturation of subdomain A and that Trp140-fluorescence is sensitive to denaturation of subdomain A, not to that of subdomain B. This indicates that the ''acid-induced denatured state'' can be the intermediate state I under some conditions, so far as we observe the denaturation using Trp140-fluorescence as a probe.
It is also argued that m þ mutations always destabilize the native state of nuclease, while m À mutations can either stabilize or destabilize the native state, 11, 12) which may explain why there is no correlation between pH 1=2 and the m value (Fig. 6e) . That is, as shown in Table 1 , the m þ mutants, L25A and A90S, have a higher pH 1=2 values than that of WT, but the m À mutants, such as V66L, G88V, and G79S, have either a lower or a higher pH 1=2 value. Parameters are as follows: (a-c, e) pH 1=2 , the pH at which acid denaturation is half completed (this study); C m , the GuHCl concentration at which GuHCl-induced denaturation is half completed (at pH 7, 20 C; cited from references 1 and 2); t 1=2 , the temperature in degrees Celsius at which thermal denaturation is half completed (at pH 5; cited from reference 8); m, the value of dðÁG 0 Þ=d½GuHCl relative to that of the wildtype protein (cited from references 1 and 2). (f) t p , temperatures of two peaks observed by DSC for G79S, V66L, G88V, and V66L/G79S/G88V at pH 5 with 100 mM-NaCl (cited from references 11 and 12). t p1 (closed circles) and t p2 (open squares) are considered to be the peak temperatures of the denaturation of subdomain A and subdomain B of Staphylococcal nuclease respectively.
